A study of the surface energetics of the thinnest substrate-free liquid films, fluid molecular monolayer and multilayer smectic liquid crystal films suspended in air, is reported. In films having monolayer and multilayer domains, the monolayer areas contract, contrary to predictions from the van der Waals disjoining pressure of thin uniform slabs. This discrepancy is accounted for by modeling the environmental asymmetry of the surface layers in multilayer films, leading to the possibility that preferential end-for-end polar ordering of the rod shaped molecules can reduce the surface energy of multilayers relative to that of the monolayer, which is inherently symmetric.
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fluid film | liquid crystals T he attractive Van der Waals interaction makes it possible for the existence of the liquid phase, which, at a temperature lower than the critical temperature, can coexist and share an interface with a gas phase that has different structure and properties (1) . At this interface, the density changes across a distance on the order of the intermolecular distance of the liquid, resulting in a difference between the tangential stress and the normal pressure which generates the surface tension, equal to the excess surface energy (2, 3) . It is thus interesting to study the surface energetics and tension in ultra-thin films in which the density and the normal pressure inside the liquid are not those of the bulk. These differences become larger as film thickness becomes smaller, so ultrathin films are of interest. However, liquid films in air thinner than h ≈ 2.5 nm rupture via spontaneous pore formation due to surface tension (4) . Thus, in order to be stable against rupture, films must be internally structured to suppress thinning and maintain h ≥ 2.5 nm.
Fluid smectic liquid crystals (LCs) are three dimensional (3D) phases of rod shaped molecules organized into periodic stackings of molecular layers, where each layer is a 2D liquid. At the air/LC interface, the smectic layering exhibits a strong tendency for the layers to be parallel to the interface, and thus for the molecules at the interface to be in the same smectic layer, typically of thickness d ≈ 3 nm. This organization enables the formation and stabilization of freely suspended smectic films consisting of an integral number, N, of smectic layers, where, for some materials, N can be as small as N ¼ 1, that is, fluid monolayers stable for extended periods have been made in several different materials (5, 6, 7, 8) . These fluid films are unique among monolayer liquid systems in that they are in a symmetric environment with vapor on both sides. Such substrate-free monolayer fluid molecular films are of fundamental interest in soft matter nanoscience, serving as fluid systems of reduced dimensionality for the study of fluctuation, symmetry, and interface effects (9, 10) . Here we show that single and few layer smectic films can be used to measure the surface energy of a substrate-free fluid molecular monolayer.
In smectic layers, the molecular long axes are narrowly distributed in orientation about their mean orientation, given by the director, n, which can be along the layer normal (smectic A), or tilted at an equilibrium angle (smectic C). Thus, if the molecular rods are polar, that is their opposite ends are chemically dissimilar, then the interface of the bulk phase in a multilayer film is a structure in which the principal choice for each molecule is which end to direct out toward the air and which in toward the liquid crystal. The surface layer then becomes a realization of a 2D Ising model, with each molecule having a binary variable σ ¼ AE1, giving its end-to-end state and an effective field applied to reflect the asymmetry of the environment. By contrast, the freely suspended monolayer, having air on both sides so that end-to-end flips are energetically equivalent, is describable as a zero field 2D Ising system, with the in-plane interactions determining the states and size of the domains of common σ (11). Another source of difference in the surface free energy between monolayer and multilayer films is the disjoining pressure resulting from several effects due to the proximity of the film's two surfaces (12) .
In the context of smectic LCs, a particularly interesting endto-end chemical dissimilarity is that of −CH n , −CF m , having a hydroalkyl tail on one end of a rod-shaped molecule and a fluoroalkyl on the other, since these tails exhibit large surface energy differences in self assembled monolayers: γ ≈ 22 erg∕cm 2 for hydroalkyl surfaces, while for close-packed fluoroalkyl monolayers adsorbed on a solid substrate, γ can be as small as 6 erg∕cm 2 (13). On this basis one might expect the surface layers of a material with −CH n , −CF m asymmetry to be observably polar with the orientation having −CF n at the surface preferred because of its lower surface energy. This kind of surface polarity should in turn lead to odd-even effects in the surface energy, as the N ¼ 1 film is by symmetry nonpolar, and the N ¼ 3; 5; 7… layer number films are forced to have an nonpolar layer at their center.
Mach et al. have probed hydro-fluoro substitution effects in smectic layering by directly measuring the surface energy of freely suspended smectic A films (14, 15) , studying a variety of molecules of different F-H tail composition for films of two or more layers in thickness, in the range 100 ≥ N ≥ 2. Single layer films were not stable enough to be studied, as they are susceptible to rupture due to thermally generated pores (16) . It was found that increasing the presence of fluoroalkyl groups in the tails decreased the surface energy, from γ ≈ 23 erg∕cm 2 for largely −CH n to γ ≈ 11 erg∕cm 2 for largely −CF m . Mach et al. also measured the dependence of γðNÞ on the layer number N for a variety of materials, finding no systematic variation of γðNÞ to within their 1% uncertainty. Of particular relevance here is that they studied γðNÞ of the C-F asymmetric phenyl pyrimidine material C n H 2nþ1 PPOCH 2 C m F 2mþ1 for N ≥ 2. Their data show that for N ¼ 2; 3; 4; 5 films, where any odd-even effect would be expected to be the largest, the amplitude r of the odd-even variation, r ¼ ½γð2Þ þ γð4Þ − γð3Þ − γð5Þ∕½γð2Þ þ γð4Þ þ γð3Þ þ γð5Þ is r ∼ ð3 AE 10Þ · 10 −4 , i.e. too small to be observed. This motivates making a comparative measurement of γð1Þ and γð2Þ in materials with −CH n , −CF m asymmetry, since the largest difference in surface polar ordering can be expected to be that between N ¼ 1 and N ¼ 2 films.
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Experimental Procedures
We carried out a comparative study of the surface energies γðNÞ for freely suspended films by observing the in-plane motion of the 1D interface lines in the film plane at which N changes, with N in the range 7 ≥ N ≥ 1 of the −CH n , −CF m asymmetric material 4-(hexyloxy)-,4-(pentadecafluorooctyloxy)phenyl ester ( Fig. 1 Top). Films were stretched across a 3 mm × 1 mm rectangular cutout in a thin glass plate and kept in a hot stage stabilized at a set temperature within 0.01 K in the smectic C (SmC) phase. They are stable for hours, although most of the domain dynamics reported here occur within a few seconds to minutes after they are made. Motions of interface lines are captured by a video camera via a reflected light microscope with a 200 W high-pressure mercury lamp as the light source. The polarized optical reflectivity RðNÞ of thin films varies as R ∝ N 2 for N ≤ 15, providing contrast in reflection between regions of different N to determine the number of layers, a measurement typically made using a laser (4). High sensitivity with low dark current imaging of the domains enables the visualization of one-layer differences in N. The event in Fig. 1 shows a 1D interface motion scenario following the quick drawing of a film (in ∼1 s). When first formed (a), the film is N ¼ 2 thick (brighter region) with an N ¼ 1 domain (monolayer hole, dark region). The monolayer hole shrinks, and while it does two N ¼ 2 domains (islands) appear and grow (a-c), and eventually merge with the background N ¼ 2 film (d, e). The hole then relaxes to a circular shape (f-h), continues to shrink and finally disappears (h-l). During this process, material is pulled from the meniscus bounding the freely suspended film, which is the opposite of a smectic film's general tendency to thin (17) , a result of the negative curvature of the interface between the meniscus and the air, which lowers the pressure within the meniscus and thus draws material from the film. Few layer and thicker films of some smectic materials, such as 2(10)OBC (18) unexpectedly tend to thicken. This paper is the first systematic study of such behavior.
Many hundreds of films were observed and with practice it was possible to draw films with just a single growing or shrinking island or hole consisting of an interface line in the form of a closed circular loop. These events, about 130 in all, were quantified by measuring the loop radius rðtÞ vs. time. Fig. 2A shows typical results for rðtÞ of an I 1 O 2 hole , where I j O k denotes a loop with j layers on the inside and k layers on the outside, and for the radii of I 3 O 2 and I 4 O 2 islands. The loop growth or shrinking velocities are nearly independent of the loop radius, i.e. constant in time for a given loop, a remarkable common feature over the whole data set. Figs. 2 and 3 show the resulting velocities v 12 , v 32 , v 42 , v 52 , and v 62 , measured for I 1 O 2 to I 6 O 2 loops, respectively, as a function of film temperature T. Here v jk is defined to be positive if the loop motion is in the direction that moves material from the film and into the meniscus. The N ¼ 1 holes and the N ¼ 3; 4; 5; 6 islands all shrink in an N ¼ 2 film, the shrinking N ¼ 1 hole pulling material onto the film and the shrinking islands letting material flow off of the film. Thus I 1 O 2 holes are the only loops that can pull material into the film. All other loop motion events remove material to the meniscus.
Results
The radii of the shrinking monolayer I 1 O 2 hole and of the two growing bilayer (I 2 O 1 ) islands in Fig. 1 are plotted in Fig. 2B with the black open triangles showing the hole radius corrected for the effect of islands' growth by adding the areas of the islands to that of the hole to account for the fact that the islands make the hole shrink faster in order to supply material for their growth. When island A (the bigger island) merges with the background film, the hole decreases stepwise in radius but then continues to shrink with the same velocity, an event that can be corrected for by shifting the post coalescence data to later time. Again the velocities are nearly constant in time, although in this case jv 12 j tends to increase when r gets very small.
In a freely suspended smectic films with a thick meniscus transitioning to a flat film of N layers, each of thickness d, the inplane force per unit length applied by the meniscus to the film is 2γðNÞ ¼ 2u þ NdðδPÞ, where the first term is due to the surface energy u and the second term is due to the negative Laplace pressure δP ¼ γ∕R in the meniscus with the bulk surface tension γ and the surface curvature R. Therefore, in a film of fixed area with islands or holes, the in-plane displacement of a layer step I j O k changes the film surface energy by Δγ jk ¼ 2Δu jk þ ðk − jÞdðγ∕RÞ. We analyze our data of the interface's loop radius and velocity r jk ðtÞ, v jk using the model of Oswald and Pieranski in which this energy change is dissipated by the interface motion (19) :
defined such that v jk > 0 if the motion returns material to the meniscus, where: (i) the δPd, Δu , and E∕r terms are effective forces normal to the moving interface, due respectively to the Laplace pressure, the difference in surface energy, and the line tension η jk , determined by the dynamics of I j O k interface motion and the second term given by the dissipation for the transport of material through the k-layer thick film-meniscus boundary. Note that in a film with a nearly flat meniscus (R → ∞), the surface tension (force per unit length transmitted by the film) is the same in regions of different N, but the surface energy/area are generally not the same. Observation of a constant loop velocity implies several conditions: (i) that the crossover radius below which line tension effects become important, r c ¼ E jk ∕j2Δγ jk j, is small compared to the smallest measurable loop radius; (ii) the dissipation at the meniscus is negligible and the interface motion is limited by the local interface viscosity. Using Eq. 1, the crossover radius can be rewritten as r c ¼ E∕ηjv jk j, indicating that line tension effects should be most evident for the interfaces that move most slowly. Since even these have constant velocity, we ignore line tension effects. The solid green curve in Fig. 2B is a linear fit to give the monolayer hole (I 1 O 2 ) shrinking speed v 12 , and the solid blue curves are lines of slope v 12∕2 plotted over the island (I 2 O 1 ) growth radii r 21 ðtÞ. Thus, as shown in Figs. 2 B and C and 4 A and B for events having N ¼ 2 islands on N ¼ 1 holes the island growth velocity v 21 is very close to half that of the hole shrinking velocity v 12 . This result implies that η 21 ¼ 2η 12 in Eq. 1, since the island and hole interface motion are driven by the same δP and Δu. This ratio can be understood only in the context of considering the molecular scale mechanism of interface motion. Because a film area of a given N is essentially incompressible, the average velocity of a single I j O k loop requires a physical process at the I j O k interface whereby in discrete local events occurring at a constant rate, groups of molecules change from N ¼ j to N ¼ k or vice versa. Fig. 4C , converts molecular pairs between metastable N ¼ 1 and N ¼ 2 states, from molecules next to each other to molecules on top of each other, over a transition state barrier of energy E B . Transitions are driven by the bias ΔE 12 ¼ ðδPdþ 2Δu 12 Þa 2 , the energy difference per molecule between the two states across the interface, where a 2 is the area per molecule in a layer: Assuming this two-state system has an inverse trial rate for barrier crossing τ t , the barrier crossing time is τ ¼ τ t e −E B ∕k B T , the bias ΔE 12 induces conversion from the higher to lower energy state at a rate c ¼ −ΔE 12 ∕ð4k B TτÞ, which is the same for both I 1 O 2 and I 2 O 1 . For the I 2 O 1 case Fig. 4B shows that the vacancy left by the molecular flipping from N ¼ 1 to N ¼ 2 molecules is filled by the N ¼ 1 side. Each flip advances the interface by a, giving the I 2 O 1 island growth velocity v 21 ¼ −ca (the minus sign comes from the velocity sign convention). However, for the I 1 O 2 hole shrinking (Fig. 4A) , the vacancy left by the flipping is filled by the N ¼ 2 side, advancing the interface by 2a, one from the result of the flip and the other drawn from the N ¼ 2 background, giving an I 1 O 2 velocity v 12 ¼ −2ca. Thus, the ratio v 12 ∕v 21 ¼ 2 is a geometrical factor that is required if the interface motion is controlled by the rate of local flip events at the interface. Fig. 4 , suggesting that if E B is comparable to the barrier determining τ in the shear viscosity, η 12 should be close to a smectic A shear viscosity. This can be confirmed in the material 8CB, in which measurements of the ratio η 12 ¼ vðRÞ∕½δPd∕R, in a regime where meniscus dissipation is negligible gives η 12 ¼ 0.6 g∕cm·s at T ¼ 25°C, while the viscosity for in-plane shear is η s ¼ 0.5 g∕cm·s (20) . Extrapolating the 8CB viscosity from data in the range 15 ≤ T ≤ 40°C (21) to T ∼ 80°C gives an estimate of η s ∼ 0.1 g∕cm·s, nearly that of other SmA's, such as CBOOA (22) in this T range, so we will take η 12 ¼ 0.1 g∕cm·s as an estimate for the I 1 O 2 drag coefficient η 12 .
Model

sketched in
We return now to the basic velocity data of Fig. 3 , which shows that for k ¼ 2, j ¼ 1; 3; 4; 5, and 6 loops all shrink, the N I ¼ 1 (3, 4, 5, 6) cases corresponding to negative (positive) v since they move material out of (into) the meniscus. Since the sign of v jk depends only on the sign of the driving energy ½δPðjk − jjÞd þ 2Δu · signðk − jÞ, in which the first (Laplace pressure) term can only be positive, an immediate conclusion is that for the I 1 O 2 case, Δγ 12 is sufficiently negative to cancel the Laplace pressure, make the driving energy negative and enabling the I 1 O 2 interface to pull material back onto the film, giving negative v 12 .
The velocity data in Fig. 3 for a given T and I j O k have a rather broad spread of values, much larger than the experimental uncertainty in any given velocity determined from the slope of the r jk ðtÞ data ( Fig. 2 A and B) , and attributable to film-to-film variation in meniscus curvature R and the resulting variation in δP ¼ 2γ∕R. This variation is particularly broad for the I 1 O 2 data where, because the interface speed v 12 is high so that the hole lasts only a few seconds, the films must be drawn very rapidly. In Fig. 3B , since the δPjk − jjd term can only increase v jk , the points of most negative v for each I j O k are those least affected by Laplace pressure. For the I 1 O 2 data these consistently fall along a smooth curve (magenta line in Fig. 3B ) indicating that in this limit the effects of δP on velocity are weak and that v 12 is driven primarily by Δu 12 , i.e. v 12 ≈ 2Δu 12 ∕η 12 . Using a typical v 12 ¼ −150 μm∕s and the estimate above for η 12 ¼ 0.1 g∕cm·s, we obtain jΔu 12 j ¼ 0.0015 erg∕cm 2 ∼ 10 −4 γ, a very small surface energy difference, in spite of the high velocities of the I 1 O 2 interface.
In our experiments, the meniscus curvature radius R is in the range 100 μm < R < 1 mm, and thus δP to be in the range 10 −5 γ < δPh < 10 −4 γ. For the smallest R then, ðδPhÞ max is comparable to the obtained Δu and thus able to reduce v 12 to near zero. This estimate, Δu ∼ ðΔPhÞ max ∼ 10 −4 γ, represents an independent assessment of the scale of Δu. For the I k O 2 events the interface motion is much slower and the films can be drawn more slowly to give larger R, smaller δP, and smaller variation in δP. If we assume the same mobility for the I 3 O 2 case as for the I 1 O 2 , then the much smaller velocity, some part of which must come from δP, indicates that jΔu 32 j is yet smaller than jΔu 12 j. Since the δPjk − jjd term increases with increasing jk − jj, the even smaller v k2 's for k ¼ 4, 5, and 6 indicate a substantially growing dissipation for interface motion associated with the multiple Burger's vector edge dislocation constituting the larger k interfaces. The principal experimental result then is that Δu 12 ¼ u 2 − u 1 < 0, but that jΔu 12 j is very small. We conclude by discussing various effects that contribute to Δu 12 . where We assign a binary variable σ ¼ AE1 to each molecule that gives its end-to-end orientation (σ ¼ 1 exposes the −CF 3 tail end to the surface and the −CH 3 tail end the other layer), with hσi ¼ 0 in the N ¼ 1 film and, because of the polar environment of the surface, hσi ≠ 0 in N > 1 films. We can estimate hσi most simply by considering þ1 to −1 single molecule end-to-end flips in the surface layer, estimating the associated surface energy change per molecule Δu from the typical van der Waals energy minima employed in united atom force fields for CF 3 -CF 3 and CH 3 -CH 3 attractions in simulations of fluorocarbon (23) and hydrocarbon (24) liquids: ε CF 3 ¼ −58 K and ε CH 3 ¼ −88 K per pair. Using the Berthelot combination rule and assuming, based on the measured Δu that hσi is small and we can ignore the polarity in the adjacent layer, we obtain Δu 12 ∼ −43 K favoring H-H contacts along and across the interior layer interface, leading to an estimate hσi ¼ −Δu∕2k B T ∼ 0.06. The corresponding change in surface energy can be estimated from: (i) the Mach et al. film data in which γ ranges from γ ∼ 23 erg∕cm 2 to γ ∼ 13 erg∕cm 2 as film composition ranges from all hydrocarbon tails to half hydro-and half fluoro-carbon tails, i.e. dγ∕dhσi ∼ −10 erg∕cm 2 ; or (ii) from the decrease of surface energy vs. increasing surface concentration of surface active fluorocarbons in hydrocarbon fluids, typically dγ∕dhσi ∼ −5 erg∕cm 2 (25) . The Δu corresponding to hσi ∼ 0.06 is then in the range −0.3 > Δu σ > −0.6 erg∕cm 2 , or Δu σ ∼ −10 −2 γ. Thus allowing the layers to be inhomogeneous lowers u 2 relative to u 1 , favoring the shrinking of the u 1 domain. This is large enough to cancel Δu vdW 12
and is in fact many orders of magnitude larger than the observed Δu 12 ¼ −0.0015 erg∕cm 2 , which, taking dγ∕dhσi ∼ −7.5 erg∕cm 2 , would correspond to hσ 12 i ∼ 2 · 10 −4 .
Another effect arising from the non-uniform atomic composition of the molecule is the antiparallel correlation in the end-toend orientation of adjacent molecules in the layers, an interaction that would selectively raise the energy of the polar ordered layers of the N ¼ 2 domains relative to the antiferro ground sate of the N ¼ 1 domains with the fully interdigitated antiparallel structure sketched in Fig. 4D . If we require σ ∼ 2 · 10 −4 , the corresponding energy contribution of flipping a single molecule from its antiferro groud state is estimated as Δu AF ∼ −k B T ln jΔu 12 ∕Δu σ j∼ −k B T lnð2 · 10 −4 ∕0.06Þ ∼ 5.7k B T. This scale is well within the range of change of cohesive energies associated with molecular flips in fluoroalkane-hydroalkanes (26) . Furthermore, the fully interdigitated antiparallel layer structure sketched in Fig. 3 has been clearly identified by bulk X-ray scattering of fluoroalkane-hydroalkane (27) and fluoroalkane-core-hydroalkane (28) smectic liquid crystals with nearly equal -F and -H tail lengths in an F-core-H system having a molecular architecture very similar to that of the molecule studied here. Such antiparallel pairing is also suggested by the thickness of the surface adsorbed layer of fluoroalkane-hydroalkane solute in hydrocarbon solvent (25) .
Our experiments show that the monolayer films in EX-900084 are near the limit of observability due to their short lifetime before being displaced by the N ¼ 2 film. Yet, Δγ 12 and v 12 are actually quite small, being the results of the near cancellation of large countervailing energies, a small fractional change of which could increase v 12 such that it would be impossible to draw single layer films at all. This would explain why, historically, we and others have found a large number of materials, for example the antiferroelectric liquid crystals, in which the layer thickness comfortably satisfies the d ≥ 2.5 nm lower limit for stability against pore formation, but which will not make monolayer films. The above analysis shows that this could be due to a less substantial energy lowering associated with end-for-end polar ordering in the surface layers of multilayer films, and a correspondingly large v 12 .
